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Abstract 
In a typical series-connected photovoltaic module with three bypass diodes, not all of the energy generated by the 
individual cells in the module can be collected when one or more of the cells in the module are partially shaded. In 
this work, various photovoltaic (PV) module layouts are investigated, using both full-size solar cells and halved solar 
cells. The performance of these module layouts is investigated under conditions where one or more cells in the 
module are partially shaded. A solar cell equivalent circuit model has been implemented in the SPICE software 
Micro-Cap to investigate several different module configurations. Module configurations investigated include a 
standard 72-cell module with 3 bypass diodes, one new configuration with a series of six matrices (whereby each 
matrix consists of two parallel strings of 12 halved cells each) with 3 bypass diodes, and another configuration with a 
series of 72 cells (whereby each matrix consists of two halved cells in parallel) with 3 bypass diodes. In the 
simulation, a shadow with zero transmittance was simulated to pass over the area of one 6-inch full-size solar cell in 
the corner of the module from two orthogonal directions, and the maximum power was calculated for each of the 
investigated module configurations. Simulation results show that the series-parallel hybrid connection of cells within 
a module has a significant improvement on the power output of the PV module under partial shading conditions. 
 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Solar Energy 
Research Institute of Singapore (SERIS)  National University of Singapore (NUS). The PV Asia Pacific 
Conference 2012 was jointly organised by SERIS and the Asian Photovoltaic Industry Association 
(APVIA). 
 
Keywords: SPICE software; photovoltaic modules; series-connected module; halved solar cell 
 
* Corresponding author. Tel.: +65 6601 8987; fax: +65 67751943. 
E-mail address: fei.lu@nus.edu.sg.  
Available online at www.sciencedirect.com
 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under sponsibility of Solar Energy Re earch Institute f Singapore (SERIS) – N tional 
University of Singapore (NUS). The PV Asia Pacifi c Conference 2012 was jointly organised by SERIS and the Asian 
Photovoltaic Industry Association (APVIA)
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 Fei Lu et al. /  Energy Procedia  33 ( 2013 )  248 – 255 249
1. Introduction 
In a typical series-connected photovoltaic (PV) module, the energy conversion efficiency is adversely 
affected if all the cells are not equally illuminated (partial shading conditions). All the cells connected in 
series are forced to carry the lower current produced by the shaded cells. The shaded cells will be reverse- 
biased, acting as loads. Therefore, bypass diodes are introduced into the PV module to protect the shaded 
cells from localised overheating (hot-spot problem). In a commercial series-connected 72-cell PV 
module, there are three bypass diodes in parallel with one third of the solar cell array each. Generally, if 
one solar cell is shaded, one third of the power output from the PV module will be lost. 
 
In this work, various PV module layouts are investigated, using both full-size silicon wafer solar cells 
and halved solar cells. The performances of these module layouts are investigated under conditions where 
one or more cells in the module are partially shaded. 
2. The Method 
An equivalent circuit of a 6-inch wide full-size silicon wafer solar cell is shown in Fig. 1 [1].This 
equivalent circuit is based on discrete electrical components whose behaviour is well known and the 
electronic behaviour of a solar cell is similar to current-voltage characteristic of the equivalent circuit.  
Both full-size solar cells and halved solar cells can be represented by this circuit. The circuit of is built in 
a SPICE software called Micro-Cap. The circuit model is validated by measured I-V characteristics of a 
real 6-inch wide silicon wafer solar cell. Parameters such as diode ideality factor n, diode dark saturation 
current I0, shunt resistance Rsh and series resistance Rs were adjusted to match the characteristics of a real 
silicon wafer solar cell. Specifications of 6-inch full-size and halved solar cells used in this simulation 
study are given in Table 1. In the ideal model, the dark saturation current of halved solar cells should be a 
half compared to 6-inch full-size solar cells because of the same dark saturation current density. However, 
after laser cutting, more defects and damage are introduced into halved solar cells and it causes the open 
circuit voltage slightly drop. Therefore, the dark saturation current is adjusted to match this result shown 
in Table 1. All the cells of the module are assumed to be identical. Temperature differences between 
shaded and unshaded cells and reverse breakdown effects in shaded cells are neglected. These 
assumptions will not substantially affect the conclusions. In addition, the series resistance from ribbon is 
not included in the model and this effect will be discussed in the future work. 
 
 
Fig. 1. SPICE equivalent circuit of 6-inch wide full-size solar cell and halved solar cell 
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Table 1. Specifications of silicon wafer solar cell used in the simulation study 
 Open circuit 
voltage (Voc) 
Short circuit 
current (Isc) 
Maximum 
power (Pmp) 
Diode 
ideality 
factor (n) 
Diode dark 
saturation 
current (I0) 
Shunt 
resistance 
(Rsh) 
Series 
resistance 
(Rs) 
Full-size solar 
cell (243.34 cm2) 
0.619 V 8.747 A 4.15 W 1.1 3 10-9 A 2 0.925 
2 
Halved solar cell 
(121.67 cm2) 
0.614 V 4.373 A 2.11 W 1.1 2.8 10-9 A 2 0.925 
2 
 
In this work, three different module configurations are investigated. The first one is a standard 72-cell 
module with 3 bypass diodes. The second configuration (called New Type A module) is a module 
composed  of six matrices connected in series, each matrix consisting of two parallel strings of 12 halved 
cells, with 3 bypass diodes. The third configuration (called New Type B module) is a module composed 
of 72 matrices connected in series, each matrix consisting of two halved cells in parallel with 3 bypass 
diodes. These three module layouts are shown in Fig. 2. 
implemented as the bypass diode. These three modules that consist of equivalent circuits of full-size solar 
cell and halved solar cell are implemented in SPICE according to their configurations. In the simulation, a 
shadow with zero transmittance was simulated to pass over the area of one 6-inch full-size solar cell in 
the corner of each module from two orthogonal directions (X and Y) [2, 3]. The shading mechanism is 
shown in Fig. 3. The short-circuit current of a single solar cell is directly related to the transmittance of 
the shadow. 
 
 
                                           (a)                                                   (b)                                                        (c) 
 
Fig. 2. PV module layout using 6-inch wide solar cells: (a) A standard 72-cell module with 3 bypass diodes; (b) A new 
configuration with a series of six matrices, each matrix consisting of two parallel strings of 12 halved cells, with 3 bypass diodes; (c) 
a new configuration with a series of 72 matrices, each matrix consisting of two halved cells in parallel, with 3 bypass diodes 
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                                                              (a)                                                                                 (b) 
 
Fig. 3. A shadow passes over the area of one 6- inch full-size solar cell or two halved solar cells from two orthogonal directions: (a) 
X direction; (b) Y direction 
3. Results 
Figures 4, 5 and 6 show the power-voltage relationship of a standard 72-cell module, new type A 
module and new type B module, respectively. In each figure, the eleven different curves represent the PV 
module performance under different shading conditions. Simulation condition increases the shading 
percentage from 0% to 100% of the area of 6-inch full-size solar cell with a step of 10%. Results show 
that for the standard 72-cell module, the power output is the same no matter which direction the shadow 
comes from. However, for new type A and B module, the power output shows a different result when the 
shading direction changes. For these two modules, their performance is the best when the shadow comes 
from Y direction, and their performance is the worst when the shadow comes from X direction. 
 
 
 
Fig. 4. Electrical characteristics of a standard 72-cell module varied by the shading percentage 
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          (a)                                                                                           (b) 
 
Fig. 5. Electrical characteristics of new type A module varied by the shading percentage: (a) A shadow passes over from Y direction; 
(b) A shadow passes over from X direction. 
 
 
 
                 (a)                                                                                           (b) 
 
Fig. 6. Electrical characteristics of new type B module varied by the shading percentage: (a) A shadow pass over from Y direction; 
(b) A shadow pass over from X direction. 
 
Figures 7 and 8 show the simulation results of the maximum power and power loss of three different 
types of modules when the shadow passes over the area of one 6-inch full-size solar cell from Y and X 
direction, respectively. By comparison with standard series-connected module, new type A and B 
modules have the better performance under partial shading. 
  
The two new module configurations investigated have a higher degree of parallelism than a standard 
module. That is, they have more parallel connections whereby the current can flow around partially 
shaded cells. For this reason, they perform better under partial shading conditions than the standard 
series-connected module configuration. 
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Fig. 7. The simulation result of maximum power and power loss for three different configurations when a shadow passes over the 
area of one 6-inch full-size solar cell from the Y direction. 
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Fig. 8. The simulation result of maximum power and power loss for three different configurations when a shadow passes over the 
area of one 6-inch full-size solar cell from the X direction. 
4. Conclusion 
In this work we investigated three different module configurations under partial shading conditions, 
using equivalent circuit model. We showed that by using halved cells in configurations with parallel 
paths, the module performance under partial shading conditions can be improved. Although the two new 
module configurations investigated contain twice as many halved cells as a standard module has full cells, 
the current and voltage of the new configurations are similar to the standard module because of the 
 Fei Lu et al. /  Energy Procedia  33 ( 2013 )  248 – 255 255
parallel connections of halved cells. It is clear that the Type A and Type B modules are more practical 
and valuable under complex shading conditions, such as when a PV system is partially shaded by trees or 
buildings. 
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